Highlights d Cryo-EM structure of the S. cerevisiae intron lariat spliceosome (ILS) at 3.5 Å 
INTRODUCTION
The removal of an intron requires two sequential S N 2-type transesterification reactions. The step I reaction generates a free 5 0 exon and an intron lariat-3 0 exon intermediate, and step II results in the ligation of the two flanking exons and production of a free intron lariat (Grabowski et al., 1984; Padgett et al., 1984; Ruskin et al., 1984) . Pre-mRNA splicing is executed by the spliceosome, an exceptionally dynamic supramolecular ribonucleoprotein complex (Will and Lü hrmann, 2011) . During each splicing cycle, the assembled spliceosome assumes at least seven consecutive states: pre-catalytic (B), activated (B act ), step I catalytically activated (B*), catalytic step I (C), step II catalytically activated (C*), post-catalytic (P), and the intron lariat spliceosome (ILS). The step I and II reactions proceed in the B* and C* complexes, resulting in the C and P complexes, respectively.
The B-to-B act , B act -to-B*, and C-to-C* transitions are driven by the RNA-dependent ATPases/helicases Brr2, Prp2, and Prp16, respectively (Cordin et al., 2012; Jankowsky, 2011) . The ligated exon in the P complex is released by the DEAH-family ATPase/ helicase Prp22 (Company et al., 1991; Schwer, 2008; Schwer and Gross, 1998; Wagner et al., 1998) , resulting in the ILS complex. The intron lariat in the ILS complex is released through the action of the ATPase/helicase Prp43 (Arenas and Abelson, 1997; Fourmann et al., 2013; Martin et al., 2002; Tsai et al., 2005) .
The first atomic structure of an intact spliceosome, determined for the endogenous ILS complex from S. pombe at 3.6 Å resolution, reveals the spatial configuration of the splicing active site and the intricate organization of 37 proteins and four RNA elements Yan et al., 2015) . The spliceosome is proven to be a protein-directed metalloribozyme, with the catalytic magnesium (Mg 2+ ) ions coordinated by conserved nucleotides in U6 small nuclear RNA (snRNA) (Fica et al., 2013; Gordon et al., 2000; Hang et al., 2015; Sontheimer et al., 1997; Steitz and Steitz, 1993; Yan et al., 2015; Yean et al., 2000) . The intramolecular stem loop (ISL) of U6 snRNA, loop I of U5 snRNA, helix I of the U2/U6 duplex, and the associated metal ions constitute the splicing active site, and they are accommodated by a positively charged cavity in the central spliceosomal component Prp8 Yan et al., 2015) . Remarkably, nearly all key features initially observed in the S. pombe ILS complex are conserved in the S. cerevisiae B act (Rauhut et al., 2016; Yan et al., 2016) , C (Galej et al., 2016; Wan et al., 2016) , and C* (Fica et al., 2017; Yan et al., 2017) complexes. These features include the active site configuration, the conformations of at least 20 core components, and the overall organization of the spliceosome (Shi, 2017) . Disassembly of the ILS complex marks the end of a splicing cycle. The disassembly of the ILS complex and other spliceosomal intermediates requires the DEAH family ATPase/helicase Prp43 and/or the Ntr complex (Boon et al., 2006; Chen et al., 2013a; Koodathingal et al., 2010; Mayas et al., 2010; Pandit et al., 2006; Tanaka et al., 2007; Tsai et al., 2005 Tsai et al., , 2007 . The Ntr complex in S. cerevisiae comprises Prp43 and two associated proteins Ntr1/Spp382 and Ntr2. In the presence of ATP or other NTP, the purified Ntr complex efficiently disassembled the ILS complex into the free intron lariat, U6 snRNA, U2 small nuclear ribonucleoprotein (snRNP), U5 snRNP, and other discrete components in an in vitro assay (Fourmann et al., 2013) . Notably, Prp43 fused to the Gly-rich motif (G-patch motif) of Ntr1/Spp382 disassembled the ILS complex as efficiently as the entire Ntr complex (Fourmann et al., 2016) . Although the ATPase/helicase Brr2 and its activating protein Snu114 were thought to play an important role in the disassembly of the ILS complex (Hahn and Beggs, 2010; Small et al., 2006; Tsai et al., 2007) , recent biochemical analyses strongly suggest otherwise (Fourmann et al., 2013) .
In the cryoelectron microscopy (cryo-EM) structure of the S. pombe ILS complex Yan et al., 2015) , all three components of the Ntr complex are ostensibly absent. Consequently, the structural mechanism for the disassembly of the ILS complex remains largely unknown. In addition, some key features of the S. pombe ILS complex may be different from those of the S. cerevisiae ILS complex. For example, Cwf19 interacts with Spp42 and the intron lariat close to the active site of the S. pombe ILS complex Yan et al., 2015) ; Cwf19 has close homologs in mammals, but it only shares sequence homology with the C-terminal CwfJ domains of the S. cerevisiae protein Drn1 (Garrey et al., 2014) .
In this paper, we report the cryo-EM structure of the S. cerevisiae ILS complex at an average resolution of 3.5 Å , which allows identification of the disassembly proteins Prp43, Ntr1/Spp382, and Ntr2 and the splicing factor Cwc23. Analysis of the structural features reveals important insights into the disassembly mechanism of the ILS complex. This structure, together with those reported earlier and that of the B complex (Plaschka et al., 2017) , offers a comprehensive picture on pre-mRNA splicing in S. cerevisiae.
RESULTS

Overall Structure
Using an affinity-tagged approach ), a population of distinct endogenous spliceosomal complexes was purified from S. cerevisiae. The final dataset of 761,767 particles gave rise to cryo-EM structures of the B act complex at 3.5-Å , the C complex at 3.4-Å , and the C* complex at 4.0-Å resolution . Using a similar 3D classification strategy , we picked 163,051 particles from this dataset that may represent the ILS complex. These particles only allowed structure determination of the ILS complex at a moderate resolution. To improve the data quality, we prepared a new batch of the spliceosomal complex using affinity-tagged Yju2 ( Figure S1 ). A total of 4,375 micrographs were collected on the new cryo-EM sample, generating 139,470 particles for the ILS complex ( Figure S2A ). These particles were combined with the earlier ILS particles. Following 3D classifications, a subset of 150,363 particles yielded a reconstruction of the ILS complex at 3.5 Å . An additional step of 3D classification further improved the EM density map ( Figure S2A ).
The final cryo-EM structure of the S. cerevisiae ILS complex, derived from 92,108 particles, displayed an average resolution of 3.5 Å on the basis of the Fourier shell correlation (FSC) value of 0.143 (Figures S2B-S2E and S3; Tables S1 and S2 ). The local resolutions of the EM density maps reached 2.9-3.5 Å in the center of the ILS complex ( Figure S2C ; Table S2 ), which allowed convenient atomic modeling of the spliceosome. The final atomic structure of the S. cerevisiae ILS complex contained 36 spliceosomal proteins, three snRNA molecules (U2, U5, and U6), and an intron lariat, which amount to 9,329 amino acids and 344 nt ( Figure 1A ; Tables S1 and S2 ). Similar to other spliceosomal complexes (Bertram et al., 2017; Fica et al., 2017; Galej et al., 2016; Hang et al., 2015; Plaschka et al., 2017; Rauhut et al., 2016; Wan et al., 2016; Yan et al., 2015 Yan et al., , 2016 Yan et al., , 2017 Zhang et al., 2017) , the ILS complex adopted a highly asymmetric architecture ( Figure 1A) .
The overall structure and organizational features of the S. cerevisiae ILS complex were very similar to those of the S. pombe ILS complex (Figure 1B) . These similarities included the conformation of the protein components in the spliceosomal core and the RNA map, which refers to the spatial placement of and interactions among the snRNAs and pre-mRNA. Details of the similarities are discussed subsequently. Importantly, however, four new proteins were identified in the structure of the S. cerevisiae ILS complex ( Figure S3 ). The S. cerevisiae ILS complex, but not the S. pombe complex, contained all three components of the Ntr complex: the ATPase/helicase Prp43 and its associated proteins Ntr1/Spp382 (hereafter referred to as Ntr1) and Ntr2. In addition, the S. cerevisiae complex, but not the S. pombe complex, contained the splicing factor Cwc23. The S. pombe complex, on the other hand, contained four proteins: Cwf11, Cwf19, Cwf17, and Cyp1. Except Cwf19, the other three proteins lack homologs in S. cerevisiae. Cwf19 is a paralog of the C-terminal CwfJ domains of the S. cerevisiae protein Drn1 (Garrey et al., 2014) .
In the center of the S. cerevisiae ILS complex, Prp8, Snu114, three Nineteen Complex (NTC) proteins (Cef1, Clf1, and Syf2), and six NTC-related (NTR) components (Cwc2, Cwc15, Bud31, Ecm2, Prp45, and Prp46) interacted with one another and with the RNA elements at the active site ( Figure 1C ). These features are similar to those in the C* complex (Fica et al., 2017; Yan et al., 2017) . However, the exon sequences were dissociated from loop I of U5 snRNA; the splicing factors Cwc21, Cwc22, Prp17, and Prp18 were displaced from the active site of the ILS complex ( Figure 1C ). In addition, the ATPase/helicase Prp22 that interacted with the Linker and RT Fingers/Palm of Prp8 in the C* complex (Fica et al., 2017; Yan et al., 2017) was now absent in the ILS complex.
The RNA Map and the Active Site The three snRNA molecules and the intron lariat are unambiguously identified by the EM density maps. Aided by knowledge of the C* complex (Fica et al., 2017; Yan et al., 2017) , we modeled 82, 117, and 101 nt for U2, U5, and U6 snRNAs, respectively (Figure 2A ; Table S2 ). We also built 36 nt for the intron lariat. Similar to the C* complex (Fica et al., 2017; Yan et al., 2017) , the 5 0 and 3 0 ends of the three snRNAs were positioned away from the active site, and the lariat junction was located away from the catalytic metal ions by approximately 20 Å (Figures 2A and 2B ). Despite dissociation of the ligated exon, the splicing active site remained largely intact and was nearly identical to that in the C* complex (Fica et al., 2017; Yan et al., 2017) ( Figures 2B and 2C ). Different from that in the C* complex (Fica et al., 2017; Yan et al., 2017) , the loop I of U5 snRNA was unengaged in the ILS complex.
Comparison of the RNA elements between the C* and ILS complexes revealed nearly identical conformations for U5 and U6 snRNAs and nucleotides 1-30 of U2 snRNA (Figures 2C and 2D) . Importantly, the location and conformation of the intron lariat remained largely unchanged between the C* and ILS complexes ( Figure 2C ), which strongly suggests a similar location and conformation of the intron lariat in the P complex. The conformation of U5 loop I and the positions of associated Mg 2+ ions remained indistinguishable between the C* and ILS complexes ( Figure S4 ). As previously noted , however, the bulk of U2 snRNA sequences were translocated by distances of approximately 30-80 Å from the C* to the ILS complex ( Figure 2D ). The movement of U2 snRNA was likely trig- gered by the action of the ATPase/helicase Prp22, which is thought to dissociate the ligated exon from loop I of U5 snRNA by pulling the 3 0 end sequences of the exon (McPheeters et al., 2000; Schwer, 2008; Schwer and Gross, 1998; Semlow et al., 2016) .
The ATPase/Helicase Prp43 All three components of the Ntr complex have been identified in the S. cerevisiae ILS complex ( Figure 3A ; Figure S3 ). At the periphery of the spliceosome, a characteristic lobe of the EM density is closely associated with the middle portion of the superhelical protein Syf1. Prp43 is likely the only remaining DEAH family ATPase/helicase in the ILS complex; the crystal structure of the S. cerevisiae Prp43 bound to an RNA element (PDB: 5I8Q) can be nicely docked into this density, which only required minor adjustment of the two RecA domains ( Figure 3B ). Prp43 sequentially consists of six domains: N domain, RecA1, RecA2, Winged-helix domain (WH), Ratchetlike domain, and an oligonucleotide/oligosaccharide-binding fold (OB). All six domains are identified in the EM density map. Following assignment of the secondary structural elements, some weak EM density remained in the RNA-binding tunnel of Prp43, suggesting the presence of RNA ( Figure S3M ). Therefore, Prp43 in our structure likely represents the substrate-bound, nucleotide-bound state. Because of the relatively low resolution of the EM density around Prp43, we were unable to conclusively identify the bound nucleotide.
Compared to the C. thermophilum Prp43 bound to an RNA element , the two RecA domains in our structure moved farther apart from each other ( Figure S5A ), generating a pronounced gap (He et al., 2017) (Figure 3B ). Structural comparison of Prp43 in three different conformational states revealed additional movements of the RecA domains that appeared to regulate RNA loading and/or translocation ( Figure S5B ). The RNA-binding tunnel on the RecA domains was closed in the ADP-bound Prp43, but it remained open in the ADP-BeF 3 -bound Prp43 Walbott et al., 2010) , presumably because ADP-BeF 3 leads to the activation of Prp43. The RNAbinding tunnel was closed again in the ADP-BeF 3 -bound Prp43 that was already loaded with an RNA element ; this Prp43 was presumably ready to exert its helicase activity and translocate the single-stranded RNA element.
In all cases, the static portion of Prp43 was the C-lobe, which contained the WH, Ratchet-like, and OB domains, and the mobile portion was the N-lobe, which comprised the N domain, RecA1, and RecA2 ( Figure S5B ). This arrangement is perfectly suited for the translocation of the RNA element, whose phosphate backbone is predominantly bound by the two RecA domains. The movement of RecA1 relative to RecA2 is presumably powered by ATP binding and hydrolysis, which generates the pulling force of the DEAH family helicase activity (Semlow et al., 2016 ). ions. Notably, the intron lariat is already translocated away from the active site center. (C) The U5 and U6 snRNAs and the intron lariat are structurally very similar between the C* and ILS complexes from S. cerevisiae. Shown here is a structural overlay of the RNA maps of the C* and ILS complexes. (D) The 30 consecutive nucleotides at the 5 0 end of U2 snRNA remain structurally very similar between the C* and ILS complexes. In contrast, the sequences downstream of nucleotide 30 are highly mobile and adopt very different locations between the two complexes.
Ntr1 Is Anchored on Snu114
The 708-residue protein Ntr1 sequentially consisted of three distinct domains: a G-patch motif at the N terminus, a central superhelical domain, and a folded b sheet domain at the C terminus (CTD) ( Figure 3C ). The vast majority of the Ntr1 sequences were fitted into the EM density map due to good connectivity; the amino acid sequences of the CTD were fully assigned in our structure. In contrast to Prp43, Ntr1 spanned a long distance of approximately 150 Å and linked several key proteins that may play a role in the disassembly of the ILS complex ( Figure 3A ). The G-patch motif, conserved among eukaryotic RNA-processing proteins, plays an important role in pre-mRNA splicing through stimulation of the DEAH-box helicase activity (Aravind and Koonin, 1999; Silverman et al., 2004) . The G-patch motif in Ntr1, which presumably interacts with Prp43 (Christian et al., 2014; Tanaka et al., 2007) , remained to be identified in the EM density map due to the limited local resolution. The extended superhelical domain loosely contacted Ntr2, Prp45, and the step I splicing factor Yju2 ( Figure 3D ).
Most notably, the CTD was anchored to the cleft between domains III and IV of Snu114 ( Figure 3E ). The interaction between the Ntr1 CTD and Snu114 was further stabilized by an a helix of Cwc23 that directly associated with the CTD on top. Compared to other parts of Ntr1, the CTD appeared to play a major role in the association of Ntr1 to the ILS complex. Compared to the C* complex , domain IV of Snu114 and the RT Fingers/Palm domain of Prp8 in the ILS complex were translocated by about 4-10 Å relative to the wellaligned domain III of Snu114 ( Figure 3F ). Because the position of domain III remained unchanged between the C* and ILS complexes, this translocation was likely triggered by the binding of Ntr1.
Ntr2 Is Anchored on Prp8
Although only a small portion of the Ntr2 sequences were assigned in our structure, they appeared to play a key role by anchoring Ntr2 to the ILS complex. These sequences formed two consecutive a helices and a short intervening loop (hereafter referred to as the helix-loop-helix motif), which functioned like a tweezer to closely interact with the Linker domain of Prp8 (Figures 4A and 4B) . Notably, some of the highly conserved residues of Ntr2 exemplified by Trp242 were located at the interface and directly contacted residues of the Linker domain ( Figure 4A ). This finding is consistent with the biochemical observation that Ntr2 can be independently recruited to Prp8 (Boon et al., 2006) . Intriguingly, the helixloop-helix motif of Ntr2 in the ILS complex occupied the same general location as elements of Prp45 and Hsh155 in the B act complex ) (Figure 4C, left panel) . This analysis suggests that it is unlikely for Ntr2 to be recruited into the B act complex. A fusion protein between
Prp43 and the G-patch motif of Ntr1, but not the Ntr complex, was able to disassemble the B act complex (Fourmann et al., 2016) . This observation can be explained by the scenario whereby the recruitment of Ntr2 is a pre-requisite for efficient recruitment of Ntr1, which then activates Prp43 through its G-patch motif. Similar to the B act complex, the potential binding site for the helix-loop-helix motif of Ntr2 in the C* complex was partially blocked by the ATPase/helicase Prp22 Zhang et al., 2017) ( (A) Ntr2 is anchored to the ILS complex through the interactions between the Prp8-binding motif of Ntr2 and the Linker domain of Prp8. The Prp8-binding motif of Ntr2 comprises two consecutive a helices and an intervening sequence, constituting a helix-loop-helix motif. Key residues at the interface are labeled.
(B) Sequence alignment of the helix-loop-helix motif of Ntr2 from four yeast species. The invariant residues are shaded red and the conserved residues are boxed. These residues directly interact with Prp8 at the interface. (C) Ntr2 may be responsible for the selection of specific spliceosomal complexes for disassembly. Ntr2 can potentially associate with the C complex, but not the B act or C* complexes. In contrast to the C complex (middle panel) where the Ntr2-binding site of Prp8 remains free, it is occupied by elements of Prp45 and Hsh155 in the B act complex (left panel) and by a short N-terminal helix of Prp22 in the C* complex (right panel). The EM density map for the short helix of Prp22 in the yeast C* complex is shown here (EMDB: EMD-6684; Yan et al., 2017) , and it was modeled after the human C* complex (PDB: 5XJC; Zhang et al., 2017) . (D) A close-up view on the structure of the splicing factor Cwc23. Only the N-terminal half of Cwc23 is identified in our structure. It sequentially consists of an N-terminal J domain and two a helices H1 and H2. The J domain likely interacts with the variable stem loop (VSL) of U5 snRNA. The H1 helix binds the WD40 repeats of Prp46, whereas the H2 helix stacks against the CTD of Ntr1.
(E) Sequence alignment of the H1 and H2 helices of Cwc23 from three yeast species. The invariant residues are shaded red and the conserved residues are boxed. These residues play an important role at the interfaces with Prp46 and Ntr1, as shown in (F) and (G), respectively. suggests that the Ntr complex has the potential to disassemble the C complex. In addition, biochemical studies have demonstrated that the Ntr complex can be recruited to mediate the disassembly of the spliceosomal intermediates, linking spliceosome disassembly to proofreading (Chen et al., 2013a; Koodathingal et al., 2010; Mayas et al., 2010) .
The Splicing Factor Cwc23
We were also able to model several discrete sequence elements of the splicing factor Cwc23, which might be important for premRNA splicing but remains poorly characterized (Pandit et al., 2009) . The N-terminal half of Cwc23 contained a DnaJ/Hsp40 motif (J domain) followed by two extended a helices H1 and H2 ( Figures 4D and 4E ). The J domain, which appeared to play a role in spliceosome disassembly, but not for pre-mRNA splicing (Sahi et al., 2010) , was located in the vicinity of the disordered variable stem loop (VSL) of U5 snRNA. The two helices H1 and H2 made specific interactions with the WD40 domain of Prp46 and the CTD of Ntr1, respectively (Figures 4F and 4G) . Importantly, at both interfaces, the highly conserved residues of Cwc23 were directly involved in the inter-molecular interactions with specific residues from Prp46 and Ntr1. Deletion of these two helices crippled pre-mRNA splicing (Pandit et al., 2009) . The interactions between Cwc23 and the CTD of Ntr1 further stabilized the recruitment of Ntr1 to the ILS complex through its interactions with Snu114.
Comparison between the C* and ILS Complexes Although the overall structures of the C* and the ILS complexes are similar, there are important compositional and conformational differences. In the C* complex (Fica et al., 2017; Yan et al., 2017) , the distinct active site conformation was maintained in part by four splicing factors: Cwc21, Cwc22, Prp17, and Prp18 ( Figure 5A , left panel). In particular, an extended sequence from Cwc21 recognized the 5 0 exon, and this interaction was stabilized by the Switch loop of Prp8. The WD40 domain of Prp17 was positioned between the intron/U6 and intron/U2 duplexes, whereas Prp18 interacted with the RNaseH-like domain of Prp8. In the ILS complex ( Figure 5A , right panel), the exon sequences were dissociated from U5 snRNA through the action of Prp22, which likely caused the dissociation of Cwc21 and Cwc22 and a 180-degree flipping of the Switch loop ( Figure S6A ). The ATPase/helicase Prp22 and the WD40 domain of Prp17 and Prp18 in the C* complex were also absent in the ILS complex. An N-terminal fragment of Prp17 remained associated with the 5 0 end sequences of U6 snRNA. Instead, the Ntr complex, along with the splicing factor Cwc23, was present in the ILS complex.
Structural overlay revealed steric clash between Ntr1/Ntr2 of the ILS complex and Prp22 of the C* complex ( Figure 5B) . Thus, the dissociation of Prp22 likely preceded the recruitment of the Ntr complex into the spliceosome. Compared to the C* complex (Fica et al., 2017; Yan et al., 2017) , the endonucleaselike domain and the Linker domain were separated 5-7 Å away from the N domain of Prp8 in the ILS complex ( Figure 5C ). In particular, an extended loop in the Linker domain, which stabilized the bound 5 0 exon in the C* complex, was translocated by approximately 6 Å in the ILS complex, leaving a gap between the Linker and the N domain of Prp8 ( Figure 5D ). This conformational change was likely coupled to the dissociation of the 5 0 exon. Despite these pronounced structural rearrangements, the bulk of Prp8-both the N domain and the Core-remained essentially unchanged between the C* and ILS complexes (Figure S6A, left panel) . In contrast, the RNaseH-like domain of Prp8, which is known to associate with a mobile RNA element , underwent a marked positional movement. The b finger of the RNaseH-like domain, which directly interacted with the lariat junction in the C* complex (Fica et al., 2017; Yan et al., 2017) , was positioned away from the lariat junction by about 30-40 Å and pointed away from the active site. The dissociation of the step II splicing factor Prp18 was likely a consequence of the translocation of the RNaseH-like domain. These structural changes may have perpetuated to Prp17, causing its dissociation from the intron/U2 and intron/U6 duplexes.
Comparison between the S. cerevisiae and S. pombe ILS Complexes Advent of the ILS structure from S. cerevisiae allows detailed comparison with that from S. pombe ( Figure 1B ) Yan et al., 2015) . The core components, including the snRNAs and conserved protein components, adopted nearly identical conformations in these two ILS complexes. Both the N domain and the Core of Prp8 (including the Switch loop) were nearly indistinguishable between these two complexes ( Figure S6A, right panel) . The ISL and the locations of the associated Mg 2+ ions in the S. cerevisiae complex were also very similar to those in the S. pombe complex, except that one extra structural metal ion was identified in the S. cerevisiae ILS complex ( Figures S6B and S6C) .
The protein components at the periphery, along with the associated RNA elements, had similar structures but different spatial positions in the two ILS complexes ( Figure 1B ). For example, the 3 0 end sequences of U2 snRNA, together with Msl1, Lea1, and the heptameric Sm ring, were positioned 40-50 Å apart between these two complexes. Although the bulk of Prp8 remained structurally superimposable, the RNaseH-like domain adopted two different orientations relative to Prp8 Core in the two ILS complexes ( Figure S6A , right panel). The most prominent difference between the two ILS complexes was the presence of Prp43, Ntr1, Ntr2, and Cwc23 in the S. cerevisiae complex, but not in the S. pombe complex (Figure 1B) . Notably, among these four S. cerevisiae proteins, the homolog of Ntr1 is yet to be identified in S. pombe. Structural overlay between the two ILS complexes revealed two distinct conformations of the superhelical protein Syf1/Cwf3: one specific for binding to Prp43 in the S. cerevisiae ILS complex and the other specific for interacting with Cwf11 in the S. pombe complex ( Figure 6A ). This analysis suggests that Cwf11 must be dissociated prior to the recruitment of Prp43 into the spliceosome. Similarly, Cwf19 in the S. pombe ILS complex sterically clashed with the helix-loop-helix motif of Ntr2 in the S. cerevisiae complex ( Figures 6B and 6C) , suggesting dissociation of Cwf19 prior to the recruitment of Ntr2. Taken together, these analyses strongly argue that the S. pombe complex and the S. cerevisiae complex may represent two different states of the spliceosome on its way to disassembly, with the S. cerevisiae ILS complex representing a very late spliceosome just prior to disassembly.
DISCUSSION
The ATPase/helicase Prp43, located at the periphery of the ILS complex ( Figure 7A ), is thought to pull the RNA sequences in the disassembly of the spliceosome (Arenas and Abelson, 1997; Fourmann et al., 2016; Martin et al., 2002) . Consistent with previous biochemical studies (Bohnsack et al., 2009; Fourmann et al., 2016) , the location of Prp43 suggests two distinct possibilities: pulling the intron lariat sequences or the 3 0 end sequences of U6 snRNA. In the first scenario, the intron sequences between the 5 0 splice site (5 0 SS) and the branch site (BS) would loop through Prp43 ( Figure 7B ; Figure S7A ). Driven by ATP binding and hydrolysis, Prp43 would pull the singlestranded intron lariat sequences, which would result in the unwinding of the intron/U2 and intron/U6 duplexes and consequent dissociation of the NTC and NTR components around the catalytic center. This scenario is supported by results of direct crosslinking experiments (Fourmann et al., 2016) . This mechanism requires a relatively long intron sequence of at least 70 nt between the 5 0 SS and the BS, which is easily met for most introns in S. cerevisiae (Bon et al., 2003; Kupfer et al., 2004; Spingola et al., 1999) .
In the second scenario, the sequences at the 3 0 end of U6 snRNA would be grabbed by Prp43 ( Figure 7C ; Figure S7B) . Notably, the 5 0 end of the bound RNA element within Prp43 is close to the 3 0 end of U6 snRNA. The distance between nucleotide 99 of the 112-nt U6 snRNA and the nucleotide at the 5 0 end of the bound 8-mer RNA element is only 25 Å (Figure S7B ), which can be covered by four consecutive nucleotides. Thus, it is possible for Prp43 to bind the 3 0 end sequences of U6 snRNA and pull in the 3 0 -to-5 0 direction. Pulling the single-stranded 3 0 end sequences of U6 snRNA would unwind the U2/U6 and intron/U6 duplexes and dissociate the affiliated protein components, resulting in the disassembly of the spliceosome. Notably, these two scenarios are not mutually exclusive of each other, and it is possible that both mechanisms are used in cells, depending on the length of the introns.
The recruitment of Ntr2 into the spliceosome likely relies on the interaction between the helix-loop-helix motif of Ntr2 and the Linker domain of Prp8. Similarly, the CTD of Ntr1 anchors Ntr1 to the ILS complex through interactions with Snu114, which are further strengthened by the splicing factor Cwc23. Compared to Ntr1 and Ntr2, Prp43 through its OB domain only appears to weakly associate with the superhelical protein Syf1. Ntr1 and Ntr2 are known to stably interact with each other (Tsai et al., 2007) . Together, these structural findings suggest a working mechanism for the disassembly of the ILS complex. In this mechanism, both the recruitment of Prp43 to the ILS complex and the helicase activity of Prp43 are greatly facilitated by the G-patch motif of Ntr1. However, the recruitment of Ntr1 to the ILS complex is linked to the interaction with Ntr2 and the availability of the binding surface of Snu114. In this regard, Ntr2 and Ntr1 collectively control the specificity for the disassembly of the spliceosome. The recruitment of Ntr1 into the ILS complex is greatly strengthened by the presence of Ntr2, and only Ntr1-activated Prp43 has the ability to disassemble the spliceosome.
In addition to the Ntr complex, the ATPase/helicase Brr2 and its activating protein Snu114 may also play a role in the disassembly of the ILS complex (Small et al., 2006) ; but, this role is likely to be considerably less important than that of the Ntr complex (Fourmann et al., 2013 (Fourmann et al., , 2016 . In the ILS structure, Prp43 is located more than 120 Å away from Snu114 (Figure 7D) . Brr2, on the other hand, remains to be identified in our structure; its potential role in spliceosome disassembly is yet to be further investigated. Snu114, on the other hand, may play a role in the disassembly of the ILS complex through its interactions with Ntr1. Therefore, the dissociation of the ILS complex likely begins with the recruitment of Ntr2 and Ntr1, followed by Prp43 ( Figure 7E ). The association of the G-patch motif of Ntr1 with Prp43 triggers its NTPase activity, resulting in the disassembly of the ILS complex into free U6 snRNA, 20S U2 snRNP, 18S U5 snRNP, and individual NTC and NTR proteins (Fourmann et al., 2013) (Figure 7E ).
The P complex, which contains the ligated exon stably associated with loop I of U5 snRNA, is preceded by the C* complex and followed by the ILS complex. The P-to-ILS transition is driven by the ATPase/helicase Prp22 and involves the dissociation of the ligated exon and several associated splicing factors; in contrast, the C*-to-P transition proceeds naturally and without the need of ATP hydrolysis. Therefore, the structural difference between the C* and the P complexes should be minimal: the covalent linkage between the 3 0 end nucleotide of the intron lariat and the 5 0 -phosphate of the 3 0 exon is replaced by that between the 3 0 end nucleotide of the 5 0 exon and the 5 0 -phosphate of the 3 0 exon. Such a difference is likely to be accommodated by local structural adjustment. This analysis suggests that the structural differences between the C* and the ILS complexes ( Figure 5 ) may faithfully reflect those between the P and the ILS complexes.
Prp43 and/or the Ntr complex were reported to be recruited into the spliceosome before the Prp16 and Prp22 stages of splicing (Chen et al., 2013a; Fabrizio et al., 2009; Koodathingal et al., 2010; Mayas et al., 2010; Pandit et al., 2006) . In the Prp16 stage (the C complex), the Ntr complex can bind to the spliceosome because the binding sites for all three components of the Ntr complex remain unoccupied ( Figure 4C ). In the Prp22 stage (the C* complex), however, the binding site for the helixloop-helix motif of Ntr2 is partially occupied by Prp22. In this case, the recruitment of the Ntr complex may be weakened if Prp22 is first recruited into the spliceosome, and vice versa. Notably, the recruitment of the Ntr components does not necessarily mean its activation. Because the helicase Prp43 remains inactive until it is activated by the G-patch motif of Ntr1, we speculate that the recruitment of Ntr1 into the spliceosome and its productive interaction with Prp43 are the key events for spliceosome disassembly. In other words, components of the Ntr complex can be recruited into earlier spliceosomes, but the productive interactions among these components are yet to be formed.
The cryo-EM structure of the ILS complex from S. cerevisiae follows those for the B act complex (Rauhut et al., 2016; Yan et al., 2016) , the C complex (Galej et al., 2016; Wan et al., 2016) , the C* complex (Fica et al., 2017; Yan et al., 2017) , and, more recently, the B complex (Plaschka et al., 2017) . Although detailed structural information on the spliceosomal B* and P complexes is yet to be elucidated, their overall structures should closely resemble those of the C and C* complexes, respectively. In this regard, we have obtained a comprehensive picture on the catalytic cycle of pre-mRNA splicing. For mechanistic understanding of a complete splicing cycle, however, we have only reached the end of the beginning. The branching reaction is reasonably well understood; but, how the exon ligation occurs remains to be structurally characterized. Although we can speculate how the various ATPase/helicases may remodel the spliceosome, the details remain to be elucidated through structural and biophysical studies. Nonetheless, the detailed structural information on the various conformational states of the spliceosome provides an invaluable framework for mechanistic understanding of the spliceosome function. (E) A working model of the spliceosome disassembly. In this model, Prp43 serves as the primary engine to disassemble the ILS complex but the helicase activity of Prp43 must be activated by the G-patch motif of Ntr1. The recruitment of Ntr2 and Ntr1 into the spliceosome serves two purposes: to ensure the correct spliceosomal complex is chosen for disassembly and to activate the helicase Prp43. The presence of Ntr2 and Ntr1 also facilitates the recruitment of Prp43. Prp43 may act by pulling either the intron lariat or the 3 0 sequences of U6 snRNA.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell lines Yju2-TAP tagging was introduced into S. cerevisiae BY4741a. The resulting yeast cells were cultured in YPD medium to OD 600 of 3.54.0 at 30 C.
METHOD DETAILS
TAP tagging of Yju2 in S. cerevisiae The NTC component Cef1 was affinity-tagged for the purification of the spliceosomes, which led to the purification of all spliceosomal complexes during the splicing reaction, including the B act , B*, C, C*, P, and ILS complexes . We speculated that perhaps tagging the step I splicing factor Yju2 may allow enrichment of the late-stage spliceosomes such as the ILS complex. This speculation has been proven correct. The C terminus of Yju2 was TAP-tagged by a PCR-based gene targeting strategy using the plasmid pF6Aa-CTAP-KanMX6 as a PCR template. The PCR product was transformed into the haploid S. cerevisiae cells by the lithium acetate method (Gietz and Schiestl, 2007) , allowing homologous recombination. Transformants were selected on G418-YPD solid medium. Correct integration of the tag into the genome was confirmed by PCR at the DNA sequence level and by western blots at the protein level. The resulting yeast strain carries a TAP tag and the KanMX6 marker at the C terminus of Yju2.
Purification of the spliceosomal complex
Purification of the yeast spliceosomal complex was carried out essentially as described (Puig et al., 2001 ) ( Figure S1A ). In this study, the Yju2-tagged yeast culture was grown in YPD medium at 30 C to an OD 600 of 3.54. The cell pellets were collected by centrifugation and resuspended in buffer A containing 20 mM HEPES-KOH, pH 7.9, 150 mM KCl, 1.5 mM MgCl 2 and 20% glycerol. The cell suspension was dropped into liquid nitrogen to form yeast beads with a diameter of 3-6 mm and pulverized to powder by SPEX 6870 Freezer Mill. Frozen cell powder was thawed at room temperature and resuspended in buffer A, with a protease inhibitor cocktail containing 0.5 mM phenylmethylsulphonyl fluoride (PMSF), 2 mM benzamidine, 2.6 mg/ml aprotinin, 1.4 mg/ml pepstatin and 5 mg/ml leupeptin. The cell lysate was first centrifuged at 18,000 g for 1 hr and the supernatant was centrifuged again at 100,000 g for 1 hr. The resulting supernatant was incubated with IgG Sepharose-6 Fast Flow resin (GE Healthcare) and cleaved by TEV protease at 18 C for 1.5 hr in buffer B containing 10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1% NP40, 1 mM DTT, and 0.5 mM EDTA ( Figure S1A ). The IgG eluate was supplemented with 2 mM CaCl 2 and loaded into a calmodulin affinity column (Stratagene). The bound fraction was eluted using the CEB buffer (10 mM Tris-HCl, pH 8.0, 75 mM NaCl, 1 mM Mg(OAc) 2 , 1 mM imidazole, 0.01% NP40, 1 mM TCEP, and 2 mM EGTA), concentrated and then applied to a 1030% glycerol gradient centrifugation at 29,000 rpm at 4 C in a SW41Ti rotor. Fractions containing the spliceosomal complexes were reloaded into a calmodulin affinity column to remove glycerol ( Figure S1A ). The final eluate was analyzed by urea PAGE for RNA detection ( Figure S1B ) and negative staining EM for particle intactness (Figure S1C ), then concentrated for sample preparation toward cryo-EM studies ( Figure S1D) . It remains to be tested whether these purified spliceosomal particles retain the ability to perform the splicing reaction in the presence of ATP and magnesium.
DSS cross-linking
The purified yeast spliceosomal complexes after 1030% glycerol gradient centrifugation was cross-linked by disuccinimidyl suberate (DSS) at a 1:1, 1:2, or 1:4 (wt/wt) ratio. 20 mM ammonium bicarbonate was used to terminate the reaction after incubation at room temperature for 1 hr. Pre-chilled acetone was added to precipitate the protein components for mass spectrometric (MS) analysis. The cross-linked spliceosomal complex was used solely for the purpose of MS analysis, not for cryo-EM studies.
Mass spectrometry analysis
Cross-linked complexes were precipitated with cold acetone and lyophilized. The pellet was dissolved in 8 M urea, 100 mM Tris 8.5, followed by TCEP reduction, iodoacetamide alkylation, and trypsin digestion. Digestion by trypsin (purchased from Pierce) was quenched by 5% formic acid. Tryptic peptides were desalted with MonoSpin C18 (GL Sciences) and then separated within a home-packed C18 column (Aqua 3 mm, 100 mm * 15cm) in a proxeon EASY-nLC liquid chromatography system by applying a 60 min stepwise gradient of 5%-45% acetonitrile (ACN) in 0.1% formic acid. Peptides eluted from the LC column were directly electrosprayed into the mass spectrometer with a distal 2 kV spray voltage. Data-dependent tandem mass spectrometry (MS/MS) analysis was performed with a Q Exactive mass spectrometer (Thermo Fisher, San Jose, CA). Raw data was processed with pLink software (Yang et al., 2012) . The MS analysis reveals important information that facilitated atomic modeling of the spliceosomal ILS complex ( Figure S1E ).
EM data acquisition and processing
Uranyl acetate (2% w/v) was used for negative staining. Briefly, the copper grids supported by a thin layer of carbon film (Zhongjingkeyi Technology Co. Ltd) were glow-discharged. 4 mL of the sample at a concentration of 0.02 mg/ml were applied onto the grid for 1 min and stored at room temperature. Images were taken on an FEI Tecnai Spirit Bio TWIN microscope operating at 120 kV to verify the sample quality ( Figure S1C ). The same carbon-coated copper grids as those used for negative staining were used for cryo-EM specimen preparation. Cryo-EM grids were prepared with Vitrobot Mark IV (FEI Company), using 8 C and 100 percent humidity. Aliquots of 4 mL of the sample at a concentration of 0.2 mg/mL were applied to glow-discharged grids, blotted for 2.5 s and plunged into liquid ethane cooled by liquid nitrogen. Images were taken on an FEI Titan Krios electron microscope operating at 300 kV with a nominal magnification of 22,500x. Images were recorded by a Gatan K2 Summit detector (Gatan Company) using the super-resolution mode, with a pixel size of 0.66 Å (Figure S1D) . Defocus values varied from 1.6 to 2.6 mm. Each image was dose-fractionated to 32 frames with a dose rate of 8.2 counts/sec/physical-pixel (4.7 e -/sec/Å 2 ) and a total exposure time of 8.0 s. UCSFImage4 was used for all data collection (Li et al., 2015) .
Image processing
Two datasets were combined for the calculation ( Figure S2 ). Dataset 1 is the same as that collected on the Cef1-tagged spliceosomal complexes, which allowed determination of the structures of B act , C , and C* complexes. Dataset 2 is the one collected on the Yju2-tagged spliceosomal sample and includes a total of 4,375 cryo-EM micrographs. All 32 frames in each image were aligned and summed using the whole-image motion correction program MotionCor2 (Zheng et al., 2017) , with 2-fold binned to a pixel size of 1.32 Å . The anisotropic magnification distortion of the micrographs collected on the FEI Titan Krios microscope was estimated by the program ''mag_distortion_estimate'' and corrected by the program ''mag_distortion_correct'' (Grant and Grigorieff, 2015) , The pixel size after anisotropic magnification distortion correction was changed to1.306 Å . The defocus value of each image was determined by Gctf (Zhang, 2016) . A guided multi-reference classification procedure was applied in the subsequent data processing. Details of this modified procedure were previously described in the publication reporting the cryo-EM structure of the human C* complex (Zhang et al., 2017) . For dataset 1, multi-reference 3D classification was applied using the program RELION2.0 (Kimanius et al., 2016; Scheres, 2012) . The 3D volumes of the B act , C, C* and ILS complexes, together with three bad classes and the ribosome, were used as initial references. The 3D volume of the ILS complex was previously obtained in the structural study of the C* complex . These eight references were low-pass filtered to 60 Å . Particles that belong to the ILS complex (13.5%, 15.3%, and 14.7% of the total particles from the three parallel classifications) were merged, and the duplicated particles were removed as described before . The remaining 163,051 particles, representing 21.4% of this dataset, were combined with the ILS particles derived from dataset 2 ( Figure S2 ). For dataset 2, a total of 363,554 particles were semi-autopicked using the reference-based particle picking subroutine in RELION2.0 (Kimanius et al., 2016; Scheres, 2012 ). The templates for particle picking were derived from the 2D class averages of dataset 1. After 3D classification, good spliceosomal particles were read back into their original images based on their refined centers, followed by one round of manual particle picking and discarding as described previously Yan et al., 2016) . This procedure gave rise to a dataset of 389,031 particles. The 3D volumes of the C and ILS complexes, together with three bad classes and the ribosome, were used as initial references to perform multi-reference 3D classification. Particles of the ILS complex (22.8%, 23.2%, and 24.5% of the total particles from the three parallel classifications) were merged, and the duplicated particles were removed. The remaining 139,470 particles, representing 35.8% of this dataset, were combined with the ILS particles from dataset 1, resulting in a final dataset of 302,520 particles ( Figure S2 ).
Additional two rounds of 3D classification were performed for the final dataset. In the first round, five classes were generated, each represented in two different views ( Figure S2 ). Particles of the two good classes (class 1 and class 2) were merged, and the duplicated particles were removed, resulting in 175,443 particles. Classes 3 and 4 were rejected due to the weak density in the Ntr1 superhelical region. Class 5 was rejected because it was found to contain the 5 0 -exon and its associated proteins Cwc21 and Cwc22. After the second round of 3D classification with the same strategy, 150,363 particles were finally retained. These particles yielded a reconstruction at an average resolution of 3.5 Å (Figures S2 and S3A) .
Finally, a soft mask around the endonuclease-like domain of Prp8 was applied to improve the homogeneity of this region. 3D classification skipping alignment was performed, and one class containing 61.5% of the input particles was further refined, giving the same average resolution of 3.5 Å but with improved density for this region ( Figure S2 ). The local resolution of the map reaches 2.9 Å in the central region of the spliceosome ( Figure S3B ). The angular distribution of the particles used for the final reconstruction of the ILS complex is reasonable (Figure S3C) , and the refinement of the atomic coordinates did not suffer from severe over-fitting ( Figure S3D ). For the peripheral regions, soft masks were applied and further 3D classifications were carried out in order to improve the map quality for identification of the components. (Figure S4) .
The resulting density maps show clear features for the secondary structural elements and amino acid side chains for most protein components of the ILS complex in the core region. The RNA elements and their interacting proteins are also well defined by the EM density maps. These density maps allowed identification of four new proteins compared to the S. pombe ILS complex Yan et al., 2015) . Representative density maps of these four proteins are shown in Figure S5 . Reported resolutions were calculated on the basis of the FSC 0.143 criterion, and the FSC curves were corrected for the effects of a soft mask on the FSC curve using high-resolution noise substitution (Chen et al., 2013b) . Prior to visualization, all density maps were corrected for the modulation transfer function (MTF) of the detector, and then sharpened by applying a negative B-factor that was estimated using automated procedures (Rosenthal and Henderson, 2003) . Local resolution variations were estimated using ResMap (Kucukelbir et al., 2014) .
Model building and refinement Due to a wide range of resolution limits for the various regions of the S. cerevisiae spliceosomal ILS complex, we combined de-novo model building, homologous structure modeling, and rigid docking of components with known structures to generate an atomic model (Table S2) .
The 3.4 Å spliceosomal C complex (PDB code:5GMK) was fitted into the ILS density map by CHIMERA . Protein and RNA components that are absent in the ILS complex were removed, including Cwc21, Cwc22, 5 0 -exon, N-terminal domain of Yju2, Cwc25, and Isy1. Other protein and RNA components were further adjusted manually using COOT (Emsley and Cowtan, 2004) and refined with REFMAC (Murshudov et al., 1997) .
De novo model building was performed for Cwc23, Ntr1, Ntr2, and the C-terminal fragment of Yju2, which lack homolog structures. These proteins were annotated with a ''De novo building'' tab (Table S2 ). Information derived from the cross-linking experiments (Figure S1E) , together with improved local maps (Figure S4 ), greatly facilitated the identification and model build for these proteins. For example, Cwc23 was cross-linked to Prp46; Ntr2 was cross-linked to the Linker domain of Prp8; the superhelical domain of Ntr1 was cross-linked to Ntr2 and Prp8; the C-terminal fragment of Yju2 was cross-linked to Cef1 and Prp8 ( Figure S1E ). The chemical properties of proteins and amino acids were taken into account to facilitate model building. Sequence assignment was guided mainly by bulky residues such as Phe, Tyr, Trp and Arg. Unique patterns of sequences were exploited for validation of residue assignment.
Prp43 was identified by our MS analysis to directly interact with the G-patch motif of Ntr1 ( Figure S1E ), confirming previous observations (Boon et al., 2006; Christian et al., 2014; Tanaka et al., 2007; Tsai et al., 2007) . The crystal structure of Prp43 in complex with an RNA element from S. cerevisiae (PDB code: 5I8Q) was docked into the map with excellent fit (Figure S4B ).
The conformations of the RNA components were further optimized using phenix.erraser (Chou et al., 2013) . On the basis of the EM density maps, five metal ions were identified. These metal ions are placed in generally the same locations as those in the S. cerevisiae C* complex and the S. pombe ILS complex Yan et al., 2015) .
The final atomic structure of the S. cerevisiae ILS complex contains 36 spliceosomal proteins, three snRNA molecules (U2, U5, and U6), and an intron lariat, which amount to 9,329 amino acids and 344 nucleotides (Tables S1 and S2 ). The intron lariat contains 36 nucleotides; the 3 0 SS and its preceding pyrimidine-rich sequences are disordered and hence absent in the final atomic model. The final overall model was refined against the overall 3.5 Å map using REFMAC in reciprocal space (Murshudov et al., 1997) , using secondary structure restraints that were generated by ProSMART (Nicholls et al., 2014) . Electron scattering factor was used during refinement in reciprocal space. Overfitting of the overall model was monitored by refining the model in one of the two independent maps from the gold-standard refinement approach, and testing the refined model against the other map (Amunts et al., 2014) (Figure S3D) . The structures of the ILS complex were also validated through examination of the Molprobity score and the statistics of the Ramachandran plots (Table S1 ). The Molprobity score was calculated as described (Davis et al., 2007) .
QUANTIFICATION AND STATISTICAL ANALYSIS
Resolution estimations of cryo-EM density maps are based on the 0.143 Fourier Shell Correlation criterion (Chen et al., 2013b; Rosenthal and Henderson, 2003) .
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The accession numbers for the atomic coordinates and EM density maps of the S. cerevisiae ILS complex reported in this paper are PDB: 5Y88 and EMDB: EMD-6817 and have been deposited with the Protein Data Bank (http://www.rcsb.org) and the Electron Microscopy Data Bank (https://www.ebi.ac.uk/pdbe/emdb/). 
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